Abstract-This paper deals with some of the problems aris-information about the transmitted pulse. Finally, in a similar ing in multiple-input multiple-output (MIMO) antenna systems, paper [4], the squaring algorithm was used as another means when the receiver's clock is not synchronized to the modulator. of achieving timing recovery in space-time coding systems. Considering that the spatial diversity is exploited through quasiorthogonal space-time block codes (QOSTBC), we 
I. INTRODUCTION
error by examining the difference in threshold crossings.
Quasi-OSTBC (QOSTBC) constitutes a generalization of Space-Time Block Coding (STBC) has been extensively OSTBC with promising contribution to modem wireless apused as a means of exploiting spatial diversity in multiple plications. The significance of these codes stems from the fact transmit antenna systems. These codes provide an effective that they have extended the family of OSTBC used in MIMO solution for combating fading in wireless channels, lead-systems, achieving higher transmission rates when complex ing thus to capacity increase without necessarily sacrificing symbol transmission is concerned. The reduced orthogonality bandwidth recourses. Due to their relative simplicity, STBC of their structure leads to increased decoding complexity, renschemes are well suited to single-satellite diversity opera-dering the corresponding performance analysis a challenging tions, such as polarization diversity from a single satellite task. To the best of our knowledge, just a single work [8] , by using orthogonal polarization components. However, in deals with the time tracking issue for the case of QOSTBC. major part of research works related to STBC, it is assumed However, in [8] , a low complexity TED is presented under the that the symbol timing at the receiver is perfectly known, consideration of a specific type of QOSTBC. an assumption that reflects the ideal case. In practice, timing
The organization of this paper is as follows. Section II error must be estimated and compensated for very accurately presents the system model used. In Section III a simple in order to avoid performance degradation of the wireless decoupling scheme for QOSTBC derived in [9] is employed in link. This problem is conventionally approached either by a order to extract the equivalent linear processed received signal feedback loop employing Timing Error Detector (TED) or in terms of the residual timing error, which occurs due to by feedforward direct estimation of the timing error and its non-optimal sampling of the matched filter output. Simulation compensation by interpolation.
results and discussion regarding the influence of the timing The optimum sample selection algorithm presented in [1] offset on the performance of the system are presented in was the first work to address the problem of data-aided feed-Section IV, examining various cases of space-time designs, forward symbol timing estimation in multi-antenna systems. number of receive antennas and values of the roll-off factor However, the algorithm requires extra transmission of training Of the combined transmit-receive pulse shaping filter. Finally, sequences, resulting thus in the reduction of the transmission Section V concludes the paper. rate. Furthermore, in order to achieve a reasonable performance, a large oversampling factor is needed. An improvement II. SYSTEM MODEL of this algorithm was presented in [2] , where accurate estimates can be achieved even for small oversampling ratios (e.g.
We consider a communication system that employs STBC Q = 4) and was later enhanced further in [3] by utilizing the with NT antennas at the transmitter and NR antennas at 1-4244-0939-X/07/$25.OO ©C 2007 IEEE the receiver. At time n the transmitter maps NS informa-qj (t) *pR (t) denotes the zero mean colored noise at the output tion symbols si (n) S2 (n), --, SNS (n) into the constellation of the matched filter.
vector xc (n) = [x (n) X2 (n) ... XN, (n)], whose elements As mentioned above, a synchronous digital communication are then encoded by the QOSTBC encoder as NT code system has to employ a symbol synchronizer at the receiver in symbols in each time slot. The transmission of a single block order to achieve coherent detection. Thus, assuming that the of symbols is completed in N time slots, resulting thus in a output of the timing recovery loop gives an estimation T of code rate of R = N /N. The corresponding baseband signal the exact instant within the symbol interval TS for effective model at the ith transmitter branch can be written as matched filter output sampling against ISI, the timing error e can be written as e = T--. We consider that e remains xi (t) = E xi(n) 6 (t -nTs),
(1) constant within a block, being at the same time equal for all n branches. Therefore, the rj (t) samples at time instants tm= where 3 is the Dirac delta and T, the symbol period which mT + , m s N can be modeled as is considered to be equal to the duration of each time slot. Data at the output of the QOSTBC encoder is passed through NT m the transmit pulse shaping filter with impulse response PT (t),
given by a square-root-raised-cosine (SRRC) pulse. The pulsei=1 n=1 shaped signal si (t) = Xi(t) * PT (t) transmitted from the ith where it can easily be shown [1] that the noise samples nj (in)
antenna can be written as are uncorrelated since they have been taken at the symbol rate 1/Ts. In the last equation we used the notations rj (tin) si(t)= Ei(i(n)PT (t -inTs).
(2) rj (m), nj (tn) n my(m) and p (qTs + c) = Pe (q) with q C n N*.
During propagation, the signal undergoes corruption due to An alternative expression for (5) can be multipath fading and noise addition. The received signal at the jth antenna can be modeled as NT In this section we extract the equivalent system model for NT the received signal after linear processing, in the non-ideal case = 5 hij 5xi (n) p (t -nTs -T) + nj (t), (4) of interference caused from other transmitted symbols. In our i=l1 analysis we assume that the symbol synchronizer achieves just where PR (t) is a SRRC pulse shape with frequency response a coarse timing phase recovery T within each block, leading PR (f) =PT (f), p (t) is the overall impulse response of thus to a residual timing offset e at the receiver, equal to the the combined transmit-receive filter with spectrum P (f) =difference -T. We will examine the influence ofthis quantity PT (f) PR (f) =PT (f 2 defining thus a Nyquist raised-on the decoupling of orthogonal and quasi-orthogonal STBC cosine (RC) pulse shape with bandwidth (1 + ce) /2Ts, ce under the assumption that the transmitter has no channel state being the roll-off factor with 0 < ce < 1 and iny(t) =information (CSI), whereas the receiver has perfect CSI. notice that each matched filter output sample given by (9), equivalent channel matrix concerning the jth receiving antenna conveys information of all the code symbols transmitted so in the presence of ISI, diag (-)N denotes a N x N block far, considering of course an appropriately large value for the diagonal matrix and G is the NT x NNT appended matrix roll-off factor ae of the combined pulse shape p (t). Hence, of all the GPM related to the construction pattern of the code m can be expressed in terms of the current time slot k of matrix X, as described in [9] . the In order to obtain a simple implemented ML decoder, (9) can be written in the following form we should first decouple the transmitted symbols appearing on the right side of (13 
simpler form with 
we can recall from [9] the definition of A5s [.] operator, whose where p_ = peTp is a symmetric N x N matrix with entries action on a matrix simply conjugates only the rows included ]kq =zCNL1 Pe (c -) Pe (c -q).
in the set S. Therefore, we can proceed with the following From (16), one can expect that PE will spoil the sparse matrix manipulations nature of Ge, by generating extra non-zero entries off the 
V. CONCLUSION
An equivalent linear scheme for a communication system employing a general quasi-orthogonal design has been presented, considering that there is a remaining time offset c between the clocks of the transmitter and the receiver. We verified that the non-trivial value of c destroys the block diagonality of the DGM, prevented therefore us from extracting a closed form expression for the decoupling of the transmitted symbols. This agrees with our intuition, since the specific time drift causes interference from other transmitted symbols, spoiling thus the inherent distribution of the symbols inside the concerned block. This finding, along with the statistical behavior of c, as deduced from (17), has stimulated us to study the design of a TED based on a decision-directed algorithm, planning to include it in our forthcoming research work. 
